Prenatal exposure to testosterone has been hypothesised to effect lateralization by influencing cell death in the foetal brain. Testosterone binds to the X chromosome linked androgen receptor, which contains a polymorphic polyglutamine CAG repeat, the length of which is positively correlated with testosterone levels in males, and negatively correlated in females. To determine whether the length of the androgen receptor mediates the effects of testosterone on laterality, we examined the association between the number of CAG repeats in the androgen receptor gene and handedness for writing. Association was tested by adding regression terms for the length of the androgen receptor alleles to a multi-factorial-threshold model of liability to left-handedness. In females we found the risk of left-handedness was greater in those with a greater number of repeats (p=0.04), this finding was replicated in a second independent sample of female twins (p=0.014). The length of the androgen receptor explained 6% of the total variance and 24% of the genetic variance in females. In males the risk of left-handedness was greater in those with fewer repeats (p=0.02), with variation in receptor length explaining 10% of the total variance and 24% of the genetic variance. Thus, consistent with Witelson's theory of testosterone action, in all three samples the likelihood of left handedness increased in those individuals with variants of the androgen receptor associated with lower testosterone levels.
.
In western populations approximately ten percent of the population use their left hand for writing and other unimanual activities (although this estimate varies with the age of participants (McManus, 2002; OMIM 139900) . Traditionally handedness has been studied because of the relationship between handedness and language lateralization. While approximately 95% of right handers show left-hemisphere language dominance, left-hemisphere language dominance is seen in around 75% of neurologically normal left-handers (Pujol et al., 1999) . More recently, research has also explored links between hand preference and a wide range of traits including Schizophrenia (Klar, 1999; Satz and Green, 1999; Shaw et al., 2001) , Language function (Bishop, 2001; Natsopoulos et al., 2002) and Autism (Cornish and McManus, 1996; Hauck and Dewey, 2001) . While ultrasound studies have revealed evidence of laterality before birth (Hepper et al., 1998 (Hepper et al., , 1990 , genetic (Annett, 1985; McManus, 1985) , pathogenic (Satz et al., 1985) and androgenic theories have been proposed to explain the origins of behavioural lateralization.
The Androgen theories which are the focus of the current paper predict that pre-natal exposure to testosterone influences cell death in the foetal brain, resulting in decreased functional lateralization, affecting both cerebral and behavioural lateralization. Geschwind-Behan-Galburda (Geschwind & Behan, 1982; Geschwind & Galburda 1987) have proposed that exposure to high levels of testosterone in utero results in decreased lateralization and an increased likelihood of left-handedness. Conversely, Witelson and Nowakowski (1991) proposed that low testosterone levels are associated with increased left handedness. The results of studies examining the relationship between lateralization and testosterone levels in adults have been mixed, some finding higher testosterone in left handers (Tan, 1990a, b) and others have found lower testosterone (Gadea et al., 2003; Moffat and Hampson, 1996) . In the only study to directly examine this relationship, Grimshaw et al. (1995) , found that females with lower levels of testosterone in the second trimester amniotic fluid were more likely to be left handed at age 10, but no relationship was observed in males. While previous research has focused on exposure to testosterone from external sources (i.e. the potential exposure of a female foetus to the testosterone of a male co-twin) and circulating testosterone levels, the present study concentrates on the pathway through which testosterone acts. In the brain, testosterone acts either through the activation of the X chromosome linked androgen receptor (OMIM 313700, also known as the Dihydrotestosterone receptor, located at Xq11-12) or, after aromatisation to estradiol, through the estrogen receptor (McAbee and Doncarlos, 1999) . The focus of the current paper is the polymorphic CAG repeat present in the first exon of the Androgen receptor, which encodes a polyglutamine tract of variable length. The transcriptional activity of the androgen receptor is negatively related to the length of a polymorphic polyglutamine CAG repeat (Chamberlain et al., 1994; Choong et al., 1996) . Chamberlain et al. (1994) examined the transcriptional transactivation abilities of human androgen receptors with 25, 35, 49 and 77 repeats and found a high negative correlation ()0.998) between repeat number and receptor activity. Expansion to 40-62 repeats; the range seen in X-linked spinal and bulbar muscular atrophy (La Spada et al., 1991) , was associated with a loss of function of approximately 10-30% when compared to the wide type receptor, leading to the conclusion that there may be a minimum level of androgen receptor activity required within motor neurons.
Indirect evidence also suggests that variation within the normal range may have functional significance for a variety of traits (Yeap et al., 2004) . CAG n and testosterone levels are positively correlated in males (Krithivas et al., 1999) , and negatively correlated in normal females, suggesting that the major influence of the androgen receptor on androgen production differs between males and females (Westberg et al., 2001) . A negative, but non-significant trend was also reported in females by Haiman et al., (2002) Shorter repeats within the normal range have been implicated in prostate cancer risk and age of onset (Giovannucci et al., 1997; Hardy et al., 1996; Irvine et al., 1995) . Longer repeat sequences are associated with increased risk of impaired spermatogenesis in men (Tut et al., 1997) and polycystic ovary syndrome in women (Hickey et al., 2002) . Recently, elongated repeat tracts have been found to alter axonal function (Piccioni et al., 2002) , and androgen receptor mediated effects of testosterone have been shown to exhibit a neuroprotective effect in human foetal brain tissue (Hammond et al., 2001 ). The results of these studies suggest that variation in the length of the androgen receptor gene can influence neural development.
Two previous studies have examined linkage on the X chromosome for relative hand-skill as measured by a peg-moving task. In 1998, Laval et al., with a sample of 180 pairs of brothers who were lefthanded for writing found a maximum LOD score of 2.80 which was centred on DXS990 (located at Xq13.3, 92.8 Mb) lying between DXS453 and COL4A5. More recently, Francks et al. (2002) , with a sample of 195 sib-pairs found the strongest evidence of linkage on the X-chromosome lay between DXS993 (41 Mb) and DXS991 (54 Mb) on Xp11. The empirical p value of this peak was only 0.07. However, reanalysis of this data using only the 79 brother-brother pairs (an analysis which they consider to be more comparable to Laval et al.) produced a p value of 0.012 (LOD score of 1.09). As shown in Figure 1 , the androgen receptor at Xq11-12 (67 Mb) lies between these two linkage regions.
We postulated that any effects of testosterone on behavioural laterality might be mediated by the activity of the receptor molecules through which it acts, namely the androgen receptor. Given that the transcriptional activity of androgen receptor varies with the length of the repeat sequence we tested the association between the number of CAG repeats in the androgen receptor gene and handedness. The association was examined in two independent samples of female twins and one sample of male twins, by adding regression terms for the length of the androgen receptor alleles to a multi-factorial-threshold model of liability to left-handedness (this model is described in the Methods). As converse relationships are observed between CAGn and testosterone levels in males and females the data of males and females were analysed separately. In females we analysed the mean length of the two alleles, as well as the length of the longer and shorter alleles separately. We found that for two independent samples of females the risk of left handedness increased with allele length, while the opposite was observed in males, paralleling the opposing relationships observed between CAGn and testosterone in males and females.
MATERIALS AND METHODS

Participants
The first study was based on a sub-sample of adult female MZ twins (and their co-twins) who had previously been genotyped for the androgen receptor as controls in an ovarian cancer study (Spurdle et al., 2000) . Handedness data were available for some of these participants due to their participation in previous studies; the remaining participants were sent a questionnaire asking about their handedness. Because of the age of this sample (year of birth ranged from 1917 to 1963: M 1943, sd 13.1) those who reported a change in handedness were excluded from further analysis. Thus, the first sample was composed of 110 complete pairs, 47 single twins. Handedness was defined as the hand used for writing. Participants were asked: Which hand would you usually use to write a letter legibly: left/either/right? Participants who answered either were treated as left-handers. Of the 267 participants 19 were left handed; for the complete twin pairs the numbers of LL, LR and RR pairs were 0, 16 and 96, respectively. The number of CAG repeats in this sample ranged from 9 to 30 (mean 21.96, standard deviation 3.01).
The second sample comprised 43 MZ and 69 complete and 18 incomplete DZ female twin pairs, and 38 MZ and 73 complete and 17 incomplete DZ male twin pairs who had participated in the Brisbane Adolescent Twin Study (the protocol of this study is described extensively elsewhere; Wright et al., 2001) . Handedness was measured as described previously. Of the female participants 28 were left handed; the numbers of LL, LR and RR pairs were 3, 5, 35 for MZ twins and 1, 13, 55 for DZ twins, respectively. Of the male participants 29 were left handed; the numbers of LL, LR and RR pairs were 1, 5, 32 for MZ twins and 1, 16, 56 for DZ twins, respectively. All twins were same-sex pairs, born 1978-1988 (M 1983 , sd 2.4). Twins from opposite sex-pairs were not included in these analyses as it has been suggested that females from opposite twin pairs may be exposed to the testosterone of the male co-twins (although Elkadi et al., 1999 found no differences in the handedness of those in same -as compared to oppositesex pairs). Participants in the second sample were genotyped by the Australian Genome Research Facility (Ewen et al., 2000) as part of an ongoing linkage study for a range of cognitive and physiological traits (see Zhu et al., 2004 , for a description of the protocol). The number of repeats ranged from 12 to 29 (Male M 21.04, sd 2.69; Female M 21.47, sd 2.84). Of the MZ pairs included in these analyses only one twin from each pair was genotyped and it was assumed that the co-twin would show an identical genotype.
Statistical Analyses
For this study we assume a Multi-Factorial Threshold (MFT) model which posits a continuous normally distributed liability for laterality on which thresholds are imposed which define the prevalence of left-handedness. The model assumes that the joint distribution of liabilities for a pair of twins is bivariate normal, and the correlation between liabilities can be estimated as a random effect, thus correcting for the non-independence of observations while estimating the fixed effects on the thresholds. Allele length (CAGn) was included as a fixed effect in a threshold model, as part of the Maximum Likelihood Estimation procedure implemented in Mx (version 1.54), which we use for these analyses (Neale et al., 2002) . By using Mx for these analyses the data is modelled at a family level rather than an individual level. As such the twin data is not analysed as if it were derived from two independent individuals, instead the relationship between the siblings is explicitly modelled. In the case of the MZ twins inclusion of both twins (13% of whom are discordant for handedness) will act to reduce the rates of false positives.
The significance of the association of handedness with the Androgen receptor was assessed by dropping the regression term from the model and comparing the resulting difference in -2LL to the critical value of the v 2 distribution for one degree of freedom. This method has previously been used to identify associations between D9S942 marker CA n repeat number and mole count (Zhu et al., 1999) .
RESULTS
Prevalence of Left-Handedness
A series of preliminary analyses were conducted to determine whether there were any differences in the prevalence of left-handedness between first and second-born twins, MZ and DZ twins (as hypothesised by the theory of mirror imaging; Newman, 1928). There were no effects of birth order on the prevalence of left-handedness in the first sample (v 1 2 =0.63, ns) or the second samples (v 2 2 female = 0.71, v 2 2 male = 5.08, ns). Similarly, there were no differences in prevalence between MZ and DZ twins (v 1 2 female = 0.26, v 1 2 male = 0.29, ns) suggesting that mirror imaging (if present in the data set) is not having a significant effect in this sample. The overall prevalence of lefthandedness in these samples, (7.1, 11.5 and 12.1%, respectively) are similar to those reported in singletons (Annett, 2002; McManus, 2002) . Fitting an age correction to the data did not improve the fit of the model in either the first (v 1 2 = 2.12, ns) or second sample (v 1 2 female = 0.01, v 1 2 male = 0.17, ns) suggesting that there were no significant age effects within the samples. The difference in prevalence between the first and second samples reflects the older age of the participants in the first sample some of whom would have experienced active coercion against lefthandedness while learning to write (McManus, 2002; Medland et al., 2003) .
Association Analyses
Female Data First Sample
As shown in Table I , addition of a regression term for the length of the longer allele significantly improved the fit of the model, with the probability of left-handedness increasing with the number of CAG repeats in the longer allele (b=0.064, p=0.04). The positive sign of this coefficient indicates that the threshold is being shifted towards the right thus increasing the risk of left handedness. However, regression for the length of the shorter allele did not alter the fit of the model and the regression for the mean allele length, although in the same direction (b=0.059) was not significant. While the distribu-tions of CAGn by handedness appear similar (Figure 2) , (means and standard deviations of CAG n in left-22.58 (3.51), and right-handers 21.92 (2.96)), the skewed distribution of left-handed females towards longer repeats becomes apparent when considering the longer of the two alleles (Means (sd): left-24.84 (2.31), and right-handers 23.54 (2.62)). The point biserial correlations between handedness (coded left=0, right=1) and repeat length were: )0.002, )0.128* and )0.080 for shorter, longer, mean repeat length respectively (*p<0.05).
Second Sample
In the second sample, the likelihood of lefthandedness increased with the mean length of the two alleles (p=0.014). As seen in the first study, regression for the length of the longer of the two alleles resulted in a highly significant improvement in fit (p=0.009) while regression for the length of the shorter allele did not significantly alter the fit of the model (p=0.071). An examination of the model where separate regression terms have been estimated for the lengths of the two alleles reveals a similar pattern of results. In this model the relative magnitude of the regression betas (b short =)0.001, b long =0.082) suggests that as in the first study the significant association between XAR and hand preference is being driven by the length of the longer of the two alleles. As seen in Figure 3 the negative skewing of the allele frequency distribution in left handers is accentuated in the distribution of the longer allele. The mean allele length of left-handers was approximately one repeat longer than that seen in the right-handers (means and standard deviations of CAG n in left-21.82 (1.86), and right-handers 20.53 (2.06)). This difference increased to approximately 1.5 repeats when considering the longer of the two alleles (Means (sd): left-23.6 (2.24), and right-handers 22.01 (2.58)). Thus, as was seen in the first study data the likelihood of left handedness increases with the number of CAG repeats in the longer allele. The point biserial correlations between handedness (coded left=0, right=1) and repeat length were: )0.142*, )0.198* and )0.199* for the shorter, longer, mean repeat length respectively (*p<0.05).
Estimating the Effect Size
To estimate the magnitude of the regression effects we used structural equation modelling decomposing the phenotypic variance into that due to additive genetic (A), common environmental (C) and unique or non-shared environmental (E) influences. By estimating the relative magnitude of A, C and E with and without regression terms we were able to estimate the proportion of genetic variance due to the XAR polymorphism (Dr A 2 ). The data from both studies were included as separate groups in these analyses, the prevalences of left-handedness and the magnitude of the regression beta were allowed to differ between the samples. Adding a regression term for the mean allele length reduced the heritability estimate for liability to left handedness from 0.25 to 0.19, suggesting that the polymorphism accounts for around 6% of total variance in liability to lefthandedness and around 24% of genetic variance in this sample of females.
Male Data Association Analyses
Adding a regression term for the length of the single XAR allele to the multi-factorial model of lefthandedness improved the fit of the model (p=0.022). However, contrary to the pattern of results observed in the two samples of females in the male data the risk of left-handedness decreased as the number of CAG repeats increased (b=)0.059). The distribution of alleles for left-and right-handers is shown in Figure 4 (Means (sd): left-19.59 (3.19) , and right-handers 20.83 (2.78)). The point biserial correlation between handedness (coded left=0, right=1) and repeat length was: 0.138 (p<0.05).
Effect Size
As described above we fitted univariate genetic models to the data in order to estimate the proportion of variance being accounted for by this polymorphism. Adding a regression term for the allele length reduced the heritability estimate from 0.42 to 0.32, indicating that the polymorphism accounts for around 10% of total variance in liability to lefthandedness in males and around 24% of genetic variance in this sample of males.
DISCUSSION
Our results show that the repeat expansion of the androgen receptor gene influences the probability of left-handedness in females, such that left-handedness was more common among those with a greater number of CAG repeats. In the first sample this relationship was only significant when considering the longer of the two alleles. In the second sample this relationship was significant for the mean allele length and when both alleles were considered at the same time. However, as seen in the first sample this effect was driven by the longer of the two alleles.
One possible interpretation of these findings is that the shorter of the two alleles may be preferentially inactivated (as has been observed in polycystic ovary syndrome Hickey et al., 2002) and that the effect may be strongest when the longer allele is on the active X in the majority of cells within specific regions of the brain such as the corpus callosum. Alternatively, if we assume random X inactivation expansion may affect lateralization only after it passes a certain threshold (i.e. after CAG 22 ) resulting in dominance of the longer allele. Given that fewer CAG repeats are associated with higher testosterone levels in females (Westberg et al., 2001) our results support Witelson's hypothesis, and the results of Grimshaw et al. (1995) . These results are also consistent with studies reporting expansion of the androgen receptor as a risk factor in breast cancer (for review see Lillie et al., 2003) , which has been found to occur more commonly in left-than right handers (Anbazhagan and Gusterson, 1992; Kramer et al., 1985a, b; London, 1992; London and Albrecht, 1991; McManus, 1992; Sandson et al., 1992; Titus-Ernstoff et al., 2000) . In males, we found the inverse relationship between CAG n and handedness such that the likelihood of left-handedness decreased as the number of repeats increased. This apparent paradox is consistent with the relationship that has been reported between receptor length and testosterone levels. In males, variants of the androgen receptor gene with a smaller number of CAG repeats (i.e. those coding for a more active receptor) are associated with lower levels of androgens (Krithivas et al., 1999) , and a increased risk of left-handedness.
Taken together, our findings suggest that the probability of left handedness in both males and females is associated with the length of the androgen receptor, such that the risk of left handedness in increased in those individuals with variants of the androgen receptor associated with lower testosterone levels. Although statistically significant, differences in the repeat length between left-and right-handers were fairly modest. However, Chamberlain et al. have estimated that the decline in transactivation function in individuals with X-linked spinal and bulbar muscular atrophy may be as low as 10-30% (Chamberlain et al., 1994) , suggesting that clinically, and in our case phenotypically significant outcomes may be associated with small decreases in protein function.
These data do not answer the question as to whether the relationship we observe between the androgen receptor and handedness is mediated by testosterone exposure, or whether there is a direct effect of the androgen receptor gene per se. Unfortunately, information regarding prenatal testosterone levels, CAG n and handedness would be required to determine the proportion of variance in handedness uniquely attributable to the variation in the length of the androgen receptor polymorphism.
In conclusion, we have shown an association between handedness and the androgen receptor polymorphism in two independent samples of females and one sample of males. While numerous studies have explored the relationship between testosterone and handedness, the present study is the first to examine the influences of the androgen receptor gene on handedness. Consistent with Witelson's theory of testosterone action, in all three samples the likelihood of left handedness increased in those individuals with variants of the androgen receptor associated with lower testosterone levels.
